Macroscopic approach incorporating the spatial averaging procedure is commonly used to investigate turbulent flows in porous media, terrestrial and aquatic canopies. In this work the hydrodynamics of flows through a semi-rigid vegetation patch (VP) was investigated with two macroscopic turbulence models. We modified the Reynolods Averaged Navier Stokes (RANS) equations to obtain the Volume Averaged (VARANS) equations and performed simulations using the open source code OpenFOAM. The numerical results of gradually varied flows over submerged VPs are compared with the corresponding experimental measurements. The results show that the macroscopic turbulence models simulate the velocity profiles with acceptable accuracy. The increase of vegetation density generates higher Reynolds stress around the top of vegetation and smaller velocity inside the VP. The two models perform differently in the computation of Reynolds stress, with the profiles from the model of Uittenbogaard (2003) requiring a shorter distance to reach the uniform state for the case of low vegetation density. Further works will be carried out to identify the cause of difference and to achieve a refined macroscopic turbulence model.
Introduction
In aquatic ecosystems, submerged vegetation patches (VPs) play an important role, including baffling of local currents, dampening of wave energy, and providing food and shelter to many organisms. VPs also affect the sedimentation and erosion processes by creating regions of increased or decreased bed shear stresses and can increase habitat and species diversity. The major impact of vegetation on flood protection and ecological management is the reduction of flow velocity and the increase of water depth.
Experiments about the effects of variations in species and VP configuration on the fluid dynamics of flows over vegetation were reviewed in [1] . Bouma et al. [2] combined field, flume and numerical experiments to identify spatial sedimentation and erosion patterns within VPs.
For aquatic canopy flows, numerical modelling was generally carried out for fully-developed flows over submerged vegetation based on the macroscopic approach. The volume (spatially)-averaged Reynolds-averaged Navier-Stokes (VARANS) equations [1] were developed [3] through averaging the RANS equations over a representative elementary volume [3] [4] . The additional volume averaged correlation terms generated are modeled by various turbulence closures [5] [6] [7] .
In this work the turbulent flow over a submerged VP in an open channel is studied numerically using two models of k-type. The computed results are compared with the corresponding laboratory data of Bouma et al. [2] . The mechanisms controlling the turbulent development inside a VP are also discussed. These turbulence models have been tested for fully-developed vegetated flow while their performance in turbulent transitional flow over a finite VP has not been reported.
Macroscopic approach: VARANS equations and VA turbulence models

VARANS equations
The VARANS equations describe the flow within a VP through the volume averaging of the RANS equations. Details on the additional terms resulting from the volume averaged (VA) procedure are given by Souliotis and Prinos (2011). For steady flow over rigid vegetation
where U i denotes velocity components, x i denotes spatial ordinates, P denotes pressure, u i denotes temporal fluctuation of velocity component, the symbol indicates spatial averaging and the symbol ~ indicates spatial fluctuations. The last term mi S describing form and viscous drags is modelled based on medium type (porous or vegetation). In the regions upstream, above and downstream of the VP, the extra source terms vanish and the governing equations are simplified to the RANS equations.
Turbulence transport equations
The transport equations for turbulent kinetic energy k and dissipation rate is based on VA of the original transport equations for k and . The transport equation for k is
where S k is an additional production term of the turbulent kinetic energy due to the turbulence energy production by vegetation. Its parameterization is shown in Table 1 . Similarly, the transport equation for is
where S is the additional production of dissipation due to vegetation. Its parameterization is showed in Table 1 . In Table 1 , ν is the kinematic viscosity, ϕ is the porosity, K is the permeability equal to , C d is the drag coefficient, α is the spatial density of vegetation, A p is the solidity, t eff is a time scale based on the vegetation and turbulence characteristics [7] , C f , C k , C 2 are empirical constants. 
Numerical cases setup
The open source code OpenFoam 2.3.0 was used to solve the Equations (1)- (4). The stander k model and the standard solver pisoFoam were modified accordingly to incorporate the additional source terms for each model. For the solution algorithm, the Euler scheme was used for ddtSchemes, the Gauss linear scheme is used for laplacianSchemes, gradSchemes and divSchemes, and the linear scheme is used for interpolationSchemes. The 2D grid system was orthogonal and structured, formed by using GAMBIT. Grid-independence tests have been performed to ensure that the discretization error is small.
For boundary conditions at the inlet the velocity is specified, at the outlet the pressure is fixed. At the free surface the rigid-lid assumption is used and symmetry boundary conditions are specified. At the bed and side boundaries the wall function is applied (Fig. 1) .
The experiment was conducted in a 10. 
Analysis of results
General
The computed results are shown in Fig. 2 and Fig. 3 . The distance y is measured from the channel bed, the vegetation height h equals to 0. 
Velocity and Reynolds stress profiles
The velocity profiles at different locations are showed in Fig.2 . The velocity profiles at upstream of VP match the experimental data well. For sparse VP (Case 1), the computed velocity profiles have a weak inflection point along the VP. Inside VP, the computed values are higher indicating the drag due to vegetation is lower as compared to that of the test data. For dense VP (Case 2), the profiles in the vegetation region reveal a strong inflection point along the VP. Inside the VP, lower velocity is computed as compared with the sparse case due to the increased drag from the VP. Both profiles are however similar and do not reach the uniform state. Figure 3 shows the vertical profiles of the Reynolds stress. For the sparse case, high values of the stress are computed within the VP. The computed results show that at the regions of large velocity gradient (the channel bed and the canopy top) the Reynolds stress is the largest, especially for the case of dense vegetation. Comparing the results of the two models, the Reynolds stress profiles computed by the Uittenbogaard model have higher values near the canopy top for the case with low vegetation density, indicating that they need a shorter distance to reach the uniform state. The cause of the difference is not known and will be studied in the future work. 
Conclusions
The effect of a VP on turbulent channel flow has been numerically studied using two models of k type. The computed results are compared with available experimental data. From the numerical results, an increase of the vegetation density causes higher Reynolds stress near and above the top of vegetation and smaller velocity inside the VP. The computed Reynods stress profile by the model of Uittenbogaard (2003) needs a shorter distance to reach the uniform state for the case of low vegetation density, as compared to that computed by the model of Pedras and de Lemos (2001) . Further works will be carried out to identify the cause of difference and to achieve a refined macroscopic turbulence model. 
